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Mycobacterium tuberculosisIn order to control the process of oligonucleotide immobilization on the surface of citrate-stabilized gold nano-
particles, an experimental approach for evaluation of the amount of immobilized oligonucleotideswas proposed.
This approach is based onusing thiolated oligonucleotideswith covalently attachedﬂuorophore Cy3 and on com-
parison of the oligonucleotides concentration before and after immobilization procedure (initial concentration
and concentration of unbound oligonucleotides). Their difference gives an unambiguous amount of immobilized
oligonucleotides. Application of the proposed experimental approach showed that the efﬁciency of oligonucleo-
tide immobilization on the surface of gold nanoparticles is strongly dependent on the ionic strength of the
medium, oligonucleotide concentration and the temperature of immobilization. The proposed experimental
approach for determination of the level of oligonucleotide immobilization on the surface of gold nanoparticles
is simple, fast and does not use any toxic chemicals.
© 2014 Elsevier B.V. Open access under CC BY-NC-ND license.Compared with bulk material, gold nanoparticles (AuNPs) exhibit
unique physical and chemical properties associated with a signiﬁcantly
higher ratio between their surface and volume and, consequently, a
much higher surface concentration of free electrons [1–6]. The interac-
tion of surface electrons of gold nanoparticles with electromagnetic
waves having speciﬁc oscillations of electrons is called the phenomenon
of localized surface plasmon resonance (LSPR). Light is scattered and/or
absorbed depending on the wavelength and parameters of nanoparti-
cles (their size, shape, chemical composition) [7]. AuNPs have excep-
tionally high optical absorption coefﬁcients, allowing the development
of optical detection methods with signiﬁcantly higher sensitivity than
conventional dyes. Colloidal AuNPs solution shows an intense absorp-
tion peak at about 520 nm, associated with the phenomenon LSPR.
The shape and position of this peak are sensitive to changes in the
medium. For example, at the aggregation of AuNPs, due to the interaction
of surface plasmons of nanoparticles converging, the plasmon band380 44 526 0759.
ykola),
y@gmail.com (L. Mykhaylo),
Y-NC-ND license.expands with a signiﬁcant shift in the long-wavelength (red) part of the
spectrum [8,9].
AuNPs are unstable because of the large surface energy [10], so it is
necessary to stabilize them by some ions (e.g., by citrate ions, which ad-
sorb on the surface of AuNPs during the procedure of their preparation
anddue to theCoulombic repulsion do not allowvanderWaals forces to
bring the nanoparticles together and cause their aggregation) [11]. A
color change at AuNP aggregation is used in the popular application
for colorimetric sensing of any target (analyte) which directly or indi-
rectly causes the aggregation of AuNPs [5,12]. The group of C. Mirkin
was the ﬁrst to apply a controlled aggregation of AuNPs for the develop-
ment of nanobiosensor method based on DNA hybridization, which
causes the formation of large aggregates of individual nanoparticles
modiﬁed with short fragments of single-stranded DNA [13].
The success of all applications of oligonucleotide-modiﬁed gold
nanoparticles largely depends on such an important parameter as the
surface density of immobilized oligonucleotides or in other words, the
level of immobilization. Generally, many experimental approaches
were described for evaluating the level of oligonucleotide immobilization
on gold surface. Fluorescence-based methods appear very attractive due
to their high sensitivity, ease of use, safety, etc. Unfortunately, a direct de-
terminationof the surface density ofﬂuorescently labeled oligonucleotide
is impossible because AuNPs effectively quench ﬂuorescence [14].
Fig. 1. Electronic absorption spectra of AuNP solution before and after addition and
30 min-incubation with 100 nM P2.
Fig. 2. Fluorescence spectra of P2-Cy3, AuNPs and theirmixture in 0.1× SSC. The excitation
and emission spectra of 50 nMP2-Cy3 (A); the emission spectra of 50 nMP2-Cy3, 3.25 nM
AuNPs and the mixture of 50 nM P2-Cy3 and 3.25 nM AuNPs.
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at least two such approaches: restoring label ﬂuorescence due to such
conformational changes of immobilized oligonucleotides, which increase
the distance between the ﬂuorophore and the gold surface [14], and the
displacement of ﬂuorescently labeled oligonucleotides from the surface
of the nanoparticles and subsequent determination of their amounts in
solution [15]. These approaches have somedrawbacks and are not always
suitable for use: in the ﬁrst case it is difﬁcult to accurately determine the
percentage ofﬂuorescence recovery of immobilized oligonucleotides, and
in the second case the displacement efﬁciency of immobilized oligonucle-
otides on the surface of gold nanoparticles also remains unknown. This
casts doubt on the possibility of a more or less reliable calculation of the
surface density of oligonucleotides. Moreover, the second method [15]
is not fast (it lasts more than 18 h) and it uses toxic and environmentally
hazardous reagent 2-mercaptoethanol, which processing can be done
only in specially equipped premises and using personal protective
equipment.
Therefore, to study the efﬁciency of interactions between oligonu-
cleotides and gold nanoparticles, it was necessary to develop such
experimental approach using ﬂuorescently labeled oligonucleotides
that would allow a highly reliable determination of the amount of
immobilized material. Besides that, desirable features of the new
approach would be a short time of analysis and the absence of toxic
reagents.
In this work we used sodium citrate (Na3C6H5O7·2H2O), HAuCl4, and
NaCl (“Sigma-Aldrich”, USA). Single-stranded oligodeoxyribonucleotide
ACCCACAAGCGCCGACTGTTG (the fragment of rifampicin resistance de-
ﬁning region of the gene rpoB Mycobacterium tuberculosis [16] modiﬁed
by thiol at the 5′-end and by ﬂuorophore Cy3 at the 3′-end) as P2-Cy3
was synthesized by “Metabion International AG” (Germany). Deionized
waterMilli-Q (type I, R=18.2MΩ cm)obtainedby “SimplicityWater Pu-
riﬁcation” (“Millipore”, USA) was used for solution preparation.
In this work, we used a desktop laboratory centrifuge “MiniSpin”
(“Eppendorf”) for the separation of gold nanoparticles from dissolved
components, and spectrophotometers “Unico SQ-4802” and “NanoDrop
2000” for measuring the absorption spectra of the sample volume of
about 1 ml or 2 μl, respectively. Spectroﬂuorometer “Cary Eclipse”
(“Varian”) was used for measuring the excitation and emission spectra
of ﬂuorophore Cy3, and scanning spectroﬂuorometer “VICTOR3™
1420” — for determination of the ﬂuorescence response.
The simplest and most common method of AuNP preparation is
the reduction of tetrachloroaurate ions (AuCl4−) by sodium citrate in
aqueous solution at boiling [17]:
Au3þ þ 3e−→ 3Au0:
To prepare the solutions of 1 mM HAuCl4 and 1% sodium citrate,
6.8mgHAuCl4was dissolved in 20ml ofwater and0.1 gNa3C6H5O7·2H2O
was dissolved in 10 ml of water, respectively. First, 20 ml of 1 mM
HAuCl4 brought to a boil with constant stirring and reﬂux. Then 2 ml
of 1% sodium citrate was added to it, and heating and stirring were
continued for 10 min. Gold-ions are reduced gradually, and a color of
the solution becomes saturated red. The solution was cooled to room
temperature. By using this method monodisperse, spherical AuNPs of
mean diameter 13 nm are obtained [18]. They are characterized by the
plasmon absorption band at ~520 nm and possess a negative surface
charge due to weakly bound citrate-ions. If all gold-ions were chemically
reduced and joined the nanoparticles of mean diameter equal to 13 nm,
the concentration of the obtained AuNP solution was 13 nM.
To study the dependence of the oligonucleotide immobilization on the
surface of gold nanoparticles on a number of conditions and factors, the
experimental approach based on using thiolated oligonucleotides with
covalently attached ﬂuorophore Cy3 and on comparison of the
concentration of oligonucleotides before and after immobilization
procedure (initial concentration and concentration of unbound oli-
gonucleotides) was proposed.The method includes the measurements of the ﬂuorescence intensity
difference between a level of ﬂuorescence of the initial solution of a given
concentration of P2-Cy3 (Fi) and a level ofﬂuorescence in the supernatant
(Fs), obtained after incubating mixtures of oligonucleotides of the same
concentration with AuNPs and its centrifugation. Under centrifugation
the gold nanoparticles with immobilized oligonucleotides are deposited
on the bottom of the tube, while unbound oligonucleotides are left in
the supernatant. The difference gives the amount of immobilized oligonu-
cleotides, which in turn can be calculated as the immobilization efﬁciency
according to the equation: η= (Fi− Fs) · 100%/Fi as well as the average
number of immobilized oligonucleotides per one nanoparticle and their
average surface density calculated by a division of the average number
of immobilized oligonucleotides per one nanoparticle on the area of
nanoparticle.
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pendent on the completeness of the deposition of gold nanoparticles
on the bottom of the tube during centrifugation. Those supernatant
fractions, which will be measured for determination of the unbound
oligonucleotide quantity, should contain as few gold nanoparticles as
possible. Therefore, the search of the relevant conditions of deposition
of gold nanoparticles was conducted. It was found that centrifugation
of AuNPs for 30 min at 12,000 rpm gives a value supernatant optical
absorption at 520 nm (characteristic value for AuNPs), which is statisti-
cally indistinguishable from the value of the optical absorption of
deionized water. Therefore, we can assume that these conditions pro-
vide satisfactory completeness of the deposition of gold nanoparticles
on the bottom of the tube.
A fragment of the rpoB gene of M. tuberculosis, encoding 27 amino
acids sequence of beta-subunit of RNA polymerase, and which muta-
tions cause the resistance of mycobacteria to antibiotics [16], has been
selected as the probe for oligonucleotide immobilization on the gold
surface. The choice of the research object is explained by the global
problem of the rapid increase in the incidence of the disease that is
caused by drug resistant strains ofM. tuberculosis. These bacteria grow
very slowly in the laboratory and require 2–9 weeks of incubation on
solid medium [19]. This slow growth often leads to dangerous delays
in diagnosis. Developing appropriate nanobiosensor methods could
signiﬁcantly speed up the diagnosis.
It is well-known that interactions between citrate-stabilized AuNPs
and thiol-containing compounds, which possess overall negative
charge, lead to replacement of citrate-ions on the surface of nanoparti-
cles and increasing of their aggregation stability. Therefore, drastic
changes of their electronic absorption spectra do not occur. However,Fig. 3. The dependence of the ﬂuorescence of initial P2-Cy3 solutions (10 nM P2-Cy3) and
the supernatants, which were obtained by centrifugation of mixtures of 10 nM P2-Cy3
with 3.25 nM AuNPs after incubation of the mixtures for 1 h at room temperature, on
the ionic strength (multiplicity) of citrate saline citrate buffer solution (pH 7.2) (A); the
dependence of the immobilization efﬁciency on the ionic strength (multiplicity) of saline
citrate buffer solution (B).due to local changes of dielectric environment around the nanoparticles
a small shift (a few nanometers) in the plasmon absorption peak can be
observed [18]. Fig. 1 demonstrates 2 nm-shift of the AuNPs peak after
their incubationwith oligonucleotide P2. It clearly conﬁrms the oligonu-
cleotide immobilization on the AuNP surface.
The ﬂuorophore Cy3 attached to oligonucleotide P2 retains the char-
acteristic values of both excitation and emission maxima (Fig. 2A).
Fig. 2B clearly shows that AuNPs are very efﬁcient quenchers.
Fluorescence measurement of Cy3 covalently attached to oligonu-
cleotides P2 is a relatively simple and reliable method of quantitative
determination of the oligonucleotide concentration because of the di-
rect dependence between them. This dependence, which was found
to be linear over the entire range of the investigated concentrations
(up to 200 nM), can be described by the equation y = 11.0x + 41.8.
The limit of quantiﬁcation of P2-Cy3 is 5 nM. This is about three orders
ofmagnitude better than the conventional spectrophotometer determi-
nation of nucleic acids (at λ=260 nm), which allows quantiﬁcation of
micromolar concentrations only.
The developed approach has been applied to study the inﬂuence of
some factors on the efﬁciency of immobilization of oligonucleotides
P2-Cy3 on the AuNP surface. It is known that under physiological
conditions the negatively charged DNA fragments repel each other; it
prevents an achievement of a high surface density of immobilization.
By changing the ionic strength one can affect the process: increasing
the ionic strength leads to gradual shielding the negatively charged
phosphate residues of oligonucleotides by counter-ions of the buffer
solution, the Coulombic repulsion between oligonucleotides reduced,
which should help to increase their level on the surface of AuNPs.
Indeed, increasing the concentration of citrate saline buffer up to
0.1× SSC results in increased efﬁciency of P2-Cy3 immobilizationFig. 4. The dependence of the ﬂuorescence of initial P2-Cy3 solutions and the superna-
tants, which were obtained by centrifugation of mixtures of the same P2-Cy3 concentra-
tions of with 3.25 nM AuNPs after incubation of the mixtures for 1 h in 0.1× SSC at
room temperature, on the P2-Cy3 concentration (A); the dependence of the level of
immobilization of P2-Cy3 on their concentration (B).
Fig. 5. The inﬂuence of the temperature and time of incubation on the ﬂuorescence of the
supernatants obtained by centrifugation ofmixtures of 50 nMP2-Cy3with 3.25 nMAuNPs
after incubation of these mixtures in 0.1× SSC (A); the inﬂuence of the temperature and
time of incubation on the immobilization efﬁciency of P2-Cy3 (B).
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aggregation of AuNPs, which is not favorable to the further growth of
immobilization efﬁciency. As 1× SSC (saline citrate buffer solution)
contains 15 mM sodium citrate and 150 mM NaCl, it can be argued
that the optimum immobilization efﬁciency of P2-Cy3 on the surface
of AuNPs is observed at ionic strength of 15–20 mM.
0.1× SSC was chosen as a medium to study the inﬂuence of P2-Cy3
concentration on the level of the oligonucleotide immobilization on
AuNPs. As shown in Fig. 4, this dependence is linear throughout the
studied range 5–50 nM. At 50 nM P2-Cy3 the level of immobilization
was approximately 13.5 oligonucleotides per one nanoparticle, and the
surface density was 1 molecule per 40 nm2 or 2.5 1010 molecules/mm2.
Another factor that may inﬂuence the immobilization efﬁciency of
P2-Cy3 on the AuNP surface is temperature. Indeed, if the incubation
of the mixture of 50 nM P2-Cy3 and 3.25 nM AuNPs in 0.1× SSC at
5 °C showed a relatively slow kinetics of immobilization, at room tem-
perature the same process takes place so rapidly that in a few minutes
the immobilization efﬁciency of P2-Cy3 was more than 90% (Fig. 5).
Thus, we can conclude that the proposed experimental approach
allows to determine the level of oligonucleotide immobilization on the
AuNP surface and to investigate, how various conditions affect the
process of immobilization. Reliability of the proposed method does
not depend on the level of recovery of ﬂuorescence of labels covalentlyattached to immobilized oligonucleotides due to changing their
conformation after hybridization with complementary DNA, and does
not rely on the assumption of the displacement of all oligonucleotides
previously immobilized on the AuNP surface by 2-mercaptoethanol, as
it is in the case(s) of the known methods [14,15], but it is based on a
clear determination of the difference between the ﬂuorescence level
of the initial P2-Cy3 solution and that of supernatants after immobiliza-
tion procedure. The proposed method of determining the level of
oligonucleotide immobilization on the surface of gold nanoparticles is
simple and fast because it involves fewer steps and is carried out for
about 1 h. Moreover, our approach does not use any toxic chemicals.
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